Mitochondrial DNA (mtDNA) deletions are a primary cause of mitochondrial disease and are believed to contribute to the aging process and to various neurodegenerative diseases. Despite strong observational and experimental evidence, the molecular basis of the deletion process remains obscure. In this study, we test the hypothesis that the primary cause of mtDNA vulnerability to breakage resides in the formation of non-B DNA conformations, namely hairpin, cruciform and cloverleaf-like elements. Using the largest database of human mtDNA deletions built thus far (753 different cases), we show that site-specific breakage hotspots exist in the mtDNA. Furthermore, we discover that the most frequent deletion breakpoints occur within or near predicted structures, a result that is supported by data from transgenic mice with mitochondrial disease. There is also a significant association between the folding energy of an mtDNA region and the number of breakpoints that it harbours. In particular, two clusters of hairpins (near the D-loop 3 0 -terminus and the L-strand origin of replication) are hotspots for mtDNA breakage. Consistent with our hypothesis, the highest number of 5 0 -and 3 0 -breakpoints per base is found in the highly structured tRNA genes. Overall, the data presented in this study suggest that non-B DNA conformations are a key element of the mtDNA deletion process.
INTRODUCTION
It is undeniable that the complementary strands (named the L-and H-strands) of human mitochondrial DNA (mtDNA) are primarily organized into the canonical right-handed double-helical structure of B-form DNA. Unfortunately, our knowledge of the higher order topology of mtDNA and its interaction with the mitochondrial environment remains quite limited. It is plausible that many deformations to the canonical B-form of DNA occur in the mitochondrial genome and have important biological consequences, as has been unequivocally shown in many other genetic systems (1) (2) (3) . In recent years, several studies have demonstrated that non-B DNA structures (often called non-canonical, unusual, alternative or secondary DNA structures) (4-6) occur, at least transiently, in the mitochondrial genome. For instance, a stem-loop structure is required to activate the initiation of DNA replication in the L-strand origin of replication (O L ) (7, 8) . DNA bending in the L-strand promoter (LSP) induced by the mitochondrial transcription factor A (TFAM) is necessary for transcription initiation (9, 10) , whereas DNA unwinding and base eversion at the tRNA-Leu(UUA/G) gene by the mitochondrial transcription termination factor 1 (MTERF1) is critical for transcription termination (11) . The structures with no clear biological function vary according to alterations in the primary DNA sequence in a random way and are only removed by purifying selection if their formation interferes with any relevant genomic function. In contrast, those structures with functional relevance are probably maintained under strong selective pressures as previously suggested (8, 12) .
The formation of most non-B DNA structures is favoured by the local unwinding of the DNA double helix, which is associated with negative supercoiling (4, 13, 14) . As is most DNA in vivo, mtDNA is believed to be predominantly negatively supercoiled (i.e. the torsional tension diminishes the DNA helicity and facilitates strand separation) and is subject to dynamic processes that constantly alter the canonical conformation of the *To whom correspondence should be addressed. Tel: +351 22 5570700; Fax: +351 22 5570799; Email: fpereirapt@gmail.com double helix. Unlike nuclear DNA, mtDNA is continuously replicated and transcribed during the entire cell cycle, and according to the available models, a large portion of the mtDNA is single-stranded for a significant period of time during such processes (15) (16) (17) . This phenomenon provides an opportunity for structures with intra-strand base pairing to form and to persist for a relatively long period. In addition, several proteins are continuously tracking through the mtDNA (e.g. the movement of an RNA polymerase during transcription), resulting in a redistribution of the local supercoiling characteristics, which can be counterbalanced by the action of topoisomerases or the formation of non-B DNA structures (18, 19) . The conformational flexibility of the mtDNA is also affected by the packaging factor TFAM, which induces negative supercoiling upon binding to mtDNA (10, 20) . Thus, the binding of proteins may restrict the transmission of the superhelical tension throughout the DNA, although this possibility remains to be determined for the mitochondrial genome. Similarly, stable and partially hybridized RNA molecules (R-loops) were found to be associated with the mammalian mtDNA and are thought to maintain the genome in a more open conformation (21) .
The versatile nature of the mitochondrial genome is also evident in the multiple forms of gene organization and structural diversity resulting from numerous genomic rearrangements that occur through insertions, deletions, duplications, inversions or translocations of DNA segments (22) . Among the different types of rearrangements, the loss of a section of the mitochondrial genome (an mtDNA deletion) has attracted the attention of researchers. The reason for such concern is that mtDNA deletions are associated with the multifactorial aging process and with a variety of progressive disorders that cause substantial disability and can lead to premature death (17, 23, 24) . The loss of mtDNA-encoded proteins and/or tRNA genes required for protein synthesis results in mitochondrial dysfunction and cell death due to their crucial role in energy metabolism. Individual deleted mtDNA molecules will have no discernible effect on cellular function. In order to cause mitochondrial dysfunction, a deleted form of mtDNA must accumulate above a critical threshold that varies from tissue to tissue based on energy requirements. The expansion of a deleted mtDNA molecule to the detriment of other variants might occur due to the genetic bottleneck for mtDNA transmission in the germline or through the unequal portioning of molecules in daughter cells (mitotic segregation). The level of different types of mtDNA molecules within a cell (heteroplasmy) will also change over long time scales randomly (intracellular drift) and independently of the cell cycle by a process of relaxed replication (25) (26) (27) (28) .
However, the exact mechanism(s) underlying the formation of mtDNA deletions remain elusive. What is undeniable is that most mtDNA deletions occur in the major arc of the mtDNA, between the two proposed origins of replication (O H and O L ), and that they present sequence homologies at the boundaries of their breakpoints (29) (30) (31) . In addition, several authors have noticed that mtDNA deletion breakpoints are often located in regions with the potential to adopt non-B DNA conformations, raising the possibility of a mechanistic role of alternative DNA structures in the generation of deletions (12, (31) (32) (33) (34) (35) (36) (37) (38) . In this study, we describe a comprehensive survey of non-B DNA conformations across the complete human mitochondrial genome and provide multiple lines of evidence for their association with mtDNA deletions. Our study was prompted by the clear recognition that certain DNA sequences adopt structural configurations that are more prone to breakage (39) (40) (41) (42) (43) and the emerging understanding that non-B DNA structures are inherently hypermutable (1) (2) (3) 44) .
MATERIALS AND METHODS

MtDNA deletion breakpoints
We started by collecting information about all of the available mtDNA deletions (5 0 -and 3 0 -breakpoints) from the MITOMAP (http://www.mitomap.org) and MitoTool (45) databases and from 83 peer-reviewed papers published from 1989 to 2010 (Supplementary Figure S1 ). The 929 different deletions that were initially retrieved have been identified in (i) patients with an mtDNA deletion syndrome (chronic progressive external ophthalmoplegia, Kearns-Sayre syndrome or Pearson syndrome) or with a complex multi-system disorder that did not fit into any of the preceding categories, (ii) patients with autosomal disorders of mtDNA maintenance or mitochondrial nucleotide metabolism and (iii) post-mitotic tissues as part of normal aging. We decided to combine deletions from different sources because there is no evidence so far that different molecular mechanisms cause deletions in the different clinical scenarios that would justify a separate analysis. It has been suggested that a similar mechanism generates mtDNA deletions in all clinical situations (30) .
Each deletion was defined by a unique combination of two breakpoints and was only included once in our database. This procedure was used to avoid the ascertainment bias that is caused by the regular use of methods that only identify a restricted group of deletions, which would lead to an over-representation of some deletions in our database if frequency values were considered. Moreover, we attempted to minimize the noise inherent to the presence of the same deletion in different databases or publications (sometimes even with a different nomenclature) that would cause an artificial duplication of data. If different deletions shared the same breakpoint at one end, then the shared breakpoint was counted once for each deletion in most analyses. The deletion breakpoints were always numbered according to the conventional L-strand positions of the revised Cambridge reference mtDNA sequence (rCRS, NC_012920). We always considered, in this study, that 'breakpoints' are the mtDNA positions that are retained in the deleted mtDNA sequence and that flank the deleted region. In other words, 5 0 -breakpoints are upstream of the 5 0 -break and 3 0 -breakpoints are downstream of the 3 0 -break, considering the L-strand numbering.
In several cases, we observed that mtDNA deletions are described in the literature by an interval of values as breakpoint positions. This type of nomenclature is used because of the existence of equal sequence motifs in the breakpoint areas (e.g. 8016-8019:15 516-15 519), which renders the precise identification of the break sites impossible. In such situations, we have retained the smallest number for each breakpoint in the interval (in the previous example, 8016:15 516). With this correction, a few deletions were found to be repeated in our original database and were removed, leaving a total of 788 deletions. We then generated the 788 deleted mtDNA sequences by removing the region between the 5 0 -and 3 0 -breakpoints in the rCRS, retrieved from the NCBI Entrez Nucleotide database (http://www.ncbi.nlm.nih.gov). Each deleted sequence was aligned with the full-length rCRS using python scripts (Python v.2.6, www.python.org/) from the third party application 'Muscle' (46) available on the PyCogent v1.5 package (47) . The existence of equal sequence motifs in breakpoint areas implies that different sequence alignments are possible for the same deletion: certain bases might be equally aligned upstream or downstream of the deletion area, in the equal sequence motifs (Supplementary Figure S2 ). Therefore, we have corrected the limits of the deletion when necessary by keeping all possible matches at the 5 0 -breakpoint. This adjustment revealed that several deletions with different reported breakpoints were in fact equal. As a result, 753 unique deletions remained and were used in all of the analyses.
In addition, we collected all of the available information on the mtDNA breakpoints of transgenic mice expressing an altered Twinkle mtDNA helicase (48) . The breaking sites were plotted on the Mus musculus mtDNA reference sequence (NC_005089), positions 15 150-15 469.
Prediction of non-B DNA conformations
In this work, we use four expressions to describe the predicted structural alterations to the orthodox right-handed Watson-Crick B-form of mtDNA: hairpin, cruciform, cloverleaf-like elements and other secondary structures. All of these terms refer to deviations from the conventional B-form of DNA, collectively known as non-B DNA conformations. A hairpin or stem-loop structure is a section of single-stranded DNA that folds back on itself to form a paired double helix that ends in an unpaired loop. The cruciform structure consists of a pair of hairpin structures in complementary DNA strands forming a four-way junction with a cross-shaped configuration. The cloverleaf structure is a single-strand DNA arrangement with four stems and three terminal loops, usually used to describe the secondary structure of tRNA molecules. All other types of structural arrangements that do not belong to the preceding categories are designated here as 'other secondary structures'. The terms are used regardless of the length and folding energy of the stem and loop regions. It should be taken into consideration that other types of non-B DNA elements exist and were not addressed here (e.g. triplexes, G4-tetrad, slipped structures, left-handed Z-DNA, bent DNA and sticky DNA) (2).
The folding prediction for single-stranded DNA was performed with the hybrid-ss-min core programme of the UNAFold 3.8 software package (49) . Python scripts were written to run automatic executables from UNAfold. The prediction is based on free energy minimization using nearest neighbour thermodynamic rules and dynamic programming algorithms (50) . The folding of the single-stranded DNA was carried out using the default parameters, including predictions at a temperature of 37 C, sodium concentration of 1 M and magnesium concentration of 0 M. The hybrid-ss-min programme predicts the thermodynamically most stable secondary structure that a single-stranded DNA segment can form and calculates the variation in the free energy of the folding (ÁG, expressed in kcal/mol). The magnitudes of the ÁG values indicate the relative stabilities of the structures formed by each segment: the greater the variation in the ÁG value (more negative value), the more likely it is that a stable secondary structure will form. We always used the predicted lowest free energy structure (the structure with the most negative ÁG value) in the various analyses, although other suboptimal structures were sometimes predicted by the programme. The graphical representations of DNA secondary structures were obtained from the sir-graph programme, which belongs to the mfold-util software v4.6 (51) . The circular maps of the human mtDNA were produced using the Circos software, version 0.52 (52) .
Statistical analyses
The descriptive statistics for the different datasets, the Student's t-test (independent samples with separate variance estimates) and the Fisher's exact test for contingency tables were obtained with the STATISTICA v7 software (StatSoft, Inc., Tulsa, OK). All reported P-values are two-sided and a significance level of 0.05 was used.
RESULTS
Deletion breakpoints are not randomly distributed throughout the mitochondrial genome
We started by collecting data from all of the available mtDNA deletions in public databases and peer-reviewed publications (Supplementary Figure S1 ) that have been identified in pathological and non-pathological situations. The 753 unique mtDNA deletions that fulfilled our selection criteria (Supplementary Figure S3 and see 'Materials and Methods' section) are defined by 620 and 497 different 5 0 -and 3 0 -breakpoints, respectively (1117 different breakpoint in total). The number of breakpoints is lower than 1506 (i.e. twice the total number of 753 deletions) because different deletions sometimes share the same breakpoint at one end. The distributions of the 5 0and 3 0 -breakpoints across the mtDNA are clearly different from each other (Figure 1, Supplementary Figure S4 and S5). This difference has been previously noted in smaller deletion datasets (29, 31, 53) .
The mean value of the distribution of the 5 0 -breakpoints is position 7658 with a standard deviation of 2296 (Supplementary Figure S4 ). The mode is position 7402 with a total of eight breakpoints, although it is not clearly distinct from the values at other positions (e.g. positions 5787 and 8032, with seven and six breakpoints, respectively). The histogram of the distribution of 5 0 -breakpoints suggests a multimodal distribution with major peaks around and within COX2 and in the WANCY cluster of tRNA genes (Figure 1 and Supplementary Figure S4 ). The mean value of the distribution of the 3 0 -breakpoints is position 14 503, with a standard deviation of 2185 ( Figure 1 and Supplementary Figure S5 ). There is a clear mode in the distribution: position 16 071 has noticeably the highest number of 3 0 -breakpoints, with 41 out of 753 total breakpoints (5.44%). The flanking sites of the 16 071 hotspot (positions 16 065-16 080) harbour 25.09% of all of the 3 0 -breakpoints (189 out of 753 breakpoints) (Supplementary Figure S6) . The remaining deletions are mainly found in the ND5 and CYTB genes, although there is a sudden decrease in the number of 3 0 -breakpoints between them, in the region of the ND6 and tRNA-Glu genes (Figure 1 and Supplementary Figure S5 ). Overall, the mtDNA deletions are not randomly distributed, and their breakpoints do not follow a normal distribution around any specific mtDNA position ( Figure 1) .
A completely different pattern would be expected if the deletions were random. As a simple way to estimate the frequency of deletions per site, we generated a dataset of 20 000 random deletions with no restrictions. The distribution of mtDNA breakage hotspots in the real data contrasts with the distribution observed in simulated deletions. The most common breakpoints have frequency values [e.g. mtDNA positions 16 071 (5.4 Â 10 À2 ), 7402 (1.1 Â 10 À2 ), 5787 (9.3 Â 10 À3 ) and 15 435 (8.0 Â 10 À3 )] that are considerably higher than those estimated for 20 000 random deletions, where the highest breakpoint frequency at any site is 4.0 Â 10 À4 (8 occurrences out of 20 000 breakpoints) (Supplementary Figure S7 ). The most frequent real and simulated breakpoints have a significantly different proportion in our datasets (P-value < 1.00 Â 10 À4 , Student's t-test): 8/753 = 0.011 and 41/753 = 0.054 for 5 0 -and 3 0 -breakpoints, respectively, 8/20 000 = 0.0004 for random deletions.
The most frequent deletion breakpoints occur within or near predicted hairpins
We started by investigating the locations of the 10 main mtDNA breakage hotspots in the predicted secondary structure of the 100-nt windows (L-and H-strands) enclosing each of these breakpoints (selected as window midpoints, i.e. each window extends 50 nt upstream and downstream of the break) ( Figure 2 and Supplementary Figures S7-S9 ). The free energy of folding of the 100-nt windows varied from À13.19 to À3.05 kcal/mol in the L-strand and from À14.47 to À1.34 kcal/mol in the H-strand. Although all of the 100-nt windows present at least one stem element, four of these regions (centred on sites 3263, 5787, 12 300 and 16 071) stand out as being highly structured, with several stem elements and a folding energy <À9 kcal/mol in the L-and H-strands ( Figure 2 ). In most cases, similar hairpins were predicted for both mtDNA strands, which is compatible with the formation of cruciform structures. Cloverleaf structures were predicted for the mtDNA regions of breakpoints 3263 (L-strand) and 16 071 (L-and H-strands). Similar DNA structures were predicted using 300-nt windows (also with breakpoints as window midpoints), suggesting that short-distance interactions are more stable than long-distance base interactions (data not shown). The exact location of the 3 0 -breakpoint of the 'common deletion' (13 447 ) is impossible to ascertain due to the presence of a 13-nt direct repeat at the breakpoint regions. The 100-nt window around this breakpoint folds differently in L-and H-strands, with four and three hairpins, respectively. The breaking of the DNA might occur in a stem or loop element. Other structures predicted for the L-and H-strands also differ in the number and location of hairpins. For instance, the 7402 and 8032 breakpoints are located in hairpin elements predicted only for the H-strand (Figure 2 , Supplementary Figures S8 and S9) .
To verify whether the association between breakpoints and hairpins was not only a feature of human mitochondrial genome, we analysed the distribution of breakpoints in the mtDNA of transgenic mice with mitochondrial disease (48) . The distribution of the deletion breakpoints in the Mus musculus mtDNA (position 15 150-15 469) is biased towards hairpins, with all of the breakpoints occurring in this category of non-B DNA (Figure 3) . The difference between the proportion of breakpoints located inside (13 breakpoints in a total of 229 nt) and outside (0 breakpoints in a total of 91 nt) hairpins attains statistical significance (P-value = 0.023, Fisher's exact test).
Two stable clusters of hairpins are hotspots for mtDNA breakage
The major mtDNA deletion breakpoint (16 071) is located in a 93-nt cloverleaf-like structure (positions 16 028-16 120) that we previously identified and named structure A (12) . The central hairpin of this structure (16 060-16 082) is a hotspot of DNA breakage, with 189 reported 3 0 -breakpoints occurring in this short region ( Figure 4A ). The central hairpin has a higher proportion of sites with breakpoints (16 sites out of 23) than the remaining structure (8 sites out of 70, P-value < 1.00 Â 10 À4 , Fisher's exact test). Of these 189 breakpoints, 144 (19% of all 3 0 -breakpoints) are located on the 8-nt terminal loop (P-value < 1.00 Â 10 À4 , Fisher's exact test). The 16,071 hotspot is located upstream of the trinucleotide stop point (16 104-16 106) for the premature arrest of the H-strand synthesis (D-loop 3 0 -end), according to the numbering of the mtDNA, or downstream according to the direction of the H-strand synthesis. The 16 071 hotspot is not within the three-stranded D-loop structure ( Figure 4A ). It could be hypothesized that the 16 071 3 0 -breakpoint hotspot is over-represented in our database by being associated with certain particular types of 5 0 -breakpoints in a narrow region of the mitochondrial genome. However, we observed that deletions with a 3 0 -breakpoint in the 16 071 hotspot (16 075-16 080) have 5 0 -breakpoints in very different mtDNA regions (Supplementary Figure S10) .
One of the most relevant 5 0 -breakpoint hotspots is located in the WANCY region (Figures 1 and 4B) . This region comprises a cluster of five tRNA genes (tRNA-Trp, tRNA-Ala, tRNA-Asn, tRNA-Cys and tRNA-Tyr) that is located between the ND2 and COX1 genes and that includes the O L . We found that this mtDNA segment (5512-5903) has a very high folding potential (ÁG = À36.41 kcal/mol for the L-strand and ÁG = À40.49 kcal/mol for the H-strand), comprising several hairpin structures ( Figure 4B and Supplementary Figure S11 ). We discovered that all of the 5 0 -ends of the deletions identified in this region (n = 27) are located in five of these hairpin elements ( Figure 4B and Supplementary Figure S11 ). We observed that the difference in the proportion of breakpoints inside (16 in a total of 295 nt) and outside (0 in a total of 97 nt) hairpins is statistically significant (P-value = 0.015, Fisher's exact test). In particular, 23 of the deletion breakpoints are located in a single stem-loop element predicted for positions 5772-5803 in the tRNA-Cys gene. This element is only five bases downstream of the previously identified stem-loop structure that is associated with the origin of L-strand replication (7, 8) .
Mitochondrial tRNA genes are hotspots for mtDNA breakage
We investigated the distribution of the deletion breakpoints according to the coding/non-coding features of mtDNA. The mtDNA regions with the highest number of 5 0 -breakpoints are the COX2 and COX1 genes, with 182 and 149 5 0 -breakpoints, respectively ( Supplementary  Figures S12 and S13) . The control region (the largest non-coding region of mtDNA located between tRNA-Pro and tRNA-Phe genes) and the ND5 gene have the highest number of 3 0 -breakpoints (219 breakpoints each). When considering both 5 0 -and 3 0 -breakpoints, the control region is the location where more breaks occur (15.47% of the total breakpoints), followed by the ND5 (14.74%), COX2 (12.22%) and CYTB (11.82%) genes.
Strikingly, when we take into account the lengths of the different coding or non-coding mtDNA regions, those with the highest number of 5 0 -and 3 0 -breakpoints per base (number of deletions/region length) are the tRNA genes ( Figure 5 ). tRNA-Ser(UCN) and tRNA-Cys are the genes with more 5 0 -breakpoints per base (0.406 and 0.348, respectively) (Supplementary Figure S13 ). Although they have the highest absolute number of 5 0 -breakpoints, the COX1 and COX2 genes only have 0.097 and 0.266 5 0 -breakpoints per base, respectively. The tRNA-Ser(UCN) gene has a higher proportion of sites with breakpoints than its adjacent COX1 gene (P-value < 1.00 Â 10 À4 , Student's t-test). Inside the minor arc, the tRNA-Leu(UUA/G) gene, which encodes the MTERF1-binding site, stands out as having a significantly higher number of 5 0 -breakpoints per base (0.147) than its flanking genes (RNR2 and ND1 with 0.013 and 0.021, respectively, P-values < 1.00 Â 10 À4 , Student's t-test). Similarly, the gene with the highest number of 3 0 -breakpoints per base is tRNA-Thr (0.318) (Supplementary Figure S13) . The other regions with the highest number of 3 0 -breakpoints per base are the control region (0.195) and the CYTB gene (0.152). Nevertheless, the proportion of sites with breakpoints is significantly higher in the tRNA-Thr gene than in the adjacent CYTB (P-value = 6.00 Â 10 À4 , Student's t-test, Figure 5 ).
Overall, the tRNA gene sequences fold into structures quite different from the common tRNA cloverleaf structure with four stems and three loops ( Supplementary  Figures S14 and S15) . In several cases, the predicted structures lack complete domains of the cloverleaf structure such as the acceptor arm (e.g. tRNA-Ala, tRNA-Arg or tRNA-Asn). The differences between structures are explained by the different folding proprieties of DNA and RNA molecules. Another important factor is that some post-transcriptional modifications must be made in the RNA molecules before the cloverleaves can be formed (54) . We also found that the variation in folding energies among tRNA genes is not sufficient to explain the difference in the frequency of breakpoints (Supplementary Figure S16 ). The mtDNA regions with more breakpoints per base (5 0 and 3 0 ) are the tRNA-Ser(UCN) (0.406), tRNA-Cys (0.348) and tRNA-Thr (0.318) genes ( Figure 5 ). These three breakpoint-prone tRNA genes fold with the formation of at least two stem elements. The tRNA-Thr gene is one of the few cases where the DNA is predicted to form the classical cloverleaf structure ( Supplementary Figures S14, and S15 ).
Deletion breakpoints are located in mtDNA regions with high folding potentials
We performed a sliding-window analysis of the folding potentials (100-nt windows with 1 nt of overlap) throughout the entire mitochondrial genome (L-and H-strands) to capture the folding energy of all of the possible conformational transitions in which every mtDNA position is involved ( Supplementary Figures S17 and S18) . The mean ÁG value in the 16 569 100-nt mtDNA windows is À5.504 kcal/mol (SD = 3.387) for the L-strand and À6.366 kcal/mol (SD = 3.403) for the H-strand. There are marked variations in the folding energies across the mtDNA, with sudden increases and decreases in the ÁG values (Supplementary Figure S18) . The mtDNA region with the highest folding potential is the WANCY cluster of tRNAs, matching the second-highest peak in the number of 5 0 breakpoints (and the third of all breakpoints).
To investigate how the local DNA sequence environment might contribute to the formation of deletions, we extracted and folded all of the 100-nt segments from both the H-and L-strands that enclosed a 5 0 -or 3 0 -breakpoint as the midpoint ( Figure 6A ). The code used to identify each region is composed of a number ('5' or '3') according to the type of breakpoint and a letter ('H' or 'L') for the mtDNA strand. The mean observed free energy values were À5.66 (5L), À5.93 (3L), À6.58 (3H) and À7.01 (5H) kcal/mol (Supplementary Figure S19) .
The distribution of free energies of folding along the mtDNA considering all breakpoint areas is represented in Figure 6B , C and Supplementary Figures S20 and  S21 . In order to test if there is an association between the number of deletion breakpoints and the folding energy of the breakpoint area, we compared the two mtDNA segments where 5 0 -and 3 0 -breakpoints are more frequent with their upstream and downstream flanking segments with the same length. In both cases, we found that there is a significantly higher number of breakpoints and folding potential (more negative ÁG values) in the target region than in both flanking segments (Figure 7 and Supplementary Figure S22 ). For instance, the mean ÁG value (À6.76 kcal/mol) of the sliding windows with midpoints from positions 7401 to 8200 (the hotspot of 5 0 -breakpoints upstream and within COX2) is significantly lower than the estimated for its upstream (mean ÁG = À6.18 kcal/mol; P-value = 4.21 Â 10 À5 ; Student's t-test) and downstream (mean ÁG = À4.26 kcal/mol; P-value < 1.00 Â 10 À17 ; Student's t-test) regions. A significant difference was also found between the 97-nt segment defined by the hairpin element around O L and the adjacent tRNA-Cys gene (positions 5730-5826) and their flanking regions, for both ÁG and the number of 5 0 -breakpoints parameters (data not shown). Similarly, the 16 001-16 100 mtDNA region (around the 16 071 hotspot) has a significantly higher number of 3 0 -breakpoints (n = 201) than its upstream (n = 22; P-value = 7.05 Â 10 À3 ; Student's t-test) and downstream (n = 2; P-value = 2.78 Â 10 À3 ; Student's t-test) regions, together with a significantly higher folding potential (Figure 7 and Supplementary Figure S22) .
We next detailed the relationship between the folding potential of each 100-nt mtDNA sliding window and the number of breakpoints that it harbours. For this purpose, we estimated the number of breakpoints in the window midpoint position, i.e. only position 50 in each 100-nt window was considered. The distribution of 100-nt windows according to the number of breakpoints at the midpoint position shows that a total of 1114 window midpoint positions have at least one deletion breakpoint (6.7%). In general, windows with more deletion breakpoints have a significantly higher folding potential. For example, windows with more than 8 reported breakpoints have an average folding energy (mean = À11.15 kcal/mol) significantly different (P-value = 1.71 Â 10 À9 ; Student's t-test) from that of windows with no breakpoints (mean = À5.54 kcal/mol) (Figure 8) . Similarly, windows with four to eight breakpoints in the midpoint positions have an average folding energy (mean = À8.14 kcal/mol) that is significantly different (P-value = 6.07 Â 10 À3 ; Student's t-test) from that of windows with no breakpoints (mean = À5.54 kcal/mol). The average folding energy of windows with one, two or three breakpoints are not significantly different from windows with no breakpoints. 
DISCUSSION
Since the first reports of mtDNA deletions, scientists have noticed the presence of non-B DNA structures encompassing or in the vicinity of the breakpoints. Just 1 year after the first description of deletions in human mtDNA (37, 55) called the attention to the fact that the human mtDNA contains long regions with the potential to form 'bent DNA', including around and within the 13-nt repeats that flank the 4977-bp 'common deletion' (8470-8482 to 13 447-13 459). The authors noticed that polypyrimidine tracts and AT-rich regions around breakpoints may render such regions susceptible to the formation of single-stranded DNA on supercoiling. Consistent with these observations, we found that the 3 0 -breakpoint of the 'common deletion' is one of the most frequent breaking sites (position 13 447) of mtDNA and occurs within or near a stable hairpin (Figure 2 and Supplementary Figure S9 ). No hairpin element has been detected associated with the 5 0 -breakpoint of the 'common deletion', although it has been shown by 2D gel electrophoresis that this genomic region exhibits retarded mobility due to the putative formation of bent DNA structures (32, 33) .
In the first description of an autosomal disorder causing multiple mtDNA deletions (38), a hotspot for deletion formation was identified near the D-loop 3 0 -termini (at positions 16 068-16 079). This region is now recognized as a preferential location of mtDNA breakage in both pathological and non-pathological conditions (31, 56, 57) . In their pioneering study, Zeviani and colleagues identified two stable hairpins around this 3 0 -breakpoint hotspot. We have recently discovered that these hairpins are part of a highly conserved 93-nt cloverleaf-like structure (12) . In fact, more than one quarter (201 out of 753) of all of Figure 7 . The main hotspots of mtDNA breakage have higher folding potentials than adjacent regions. The two mtDNA segments where 5 0 -and 3 0 -breakpoints are more frequent (positions 7401-8200 and 16 001-16 100, respectively) were compared with their upstream and downstream flanking segments. We estimated for each segment the mean number of breakpoints per base (and the 95% confidence interval for the mean) and the average folding potential of the 100-nt windows with a midpoint position in that region. There is a significant higher folding potential (more negative ÁG values; top graphs) and higher number of breakpoints per base (bottom graphs) in the hotspot regions than in their flanking segments. The results of the statistical tests (Student's t-test; two-sided P-values) to evaluate the differences in means (ÁG values and number of breakpoints) between adjacent regions are indicated. the 3 0 -breakpoints occur at this cluster of hairpins, most of them at the 8-nt terminal loop (Figures 2 and 3A) . The preference for breakage at single-stranded regions exposed by stable stem elements is also common to other mtDNA regions (Figure 2, Supplementary Figure S8 and S9) . The deletion hotspot around position 16 071 is located near the trinucleotide stop point (16 104-16 106) that is associated with the premature arrest of the H-strand synthesis that forms a three-stranded DNA structure known as D-loop or displacement loop (58) ( Figure 4A ). Its location outside of the three-stranded D-loop structure, but still very close to its 3 0 -end, points to a possible relationship between the process of deletion formation and the functional/structural features of the D-loop. Indeed, the formation of the D-loop induces superhelical tension to the mtDNA in solution, at least in Xenopus laevis oocytes (59) , which might cause distortions of the canonical B-DNA. The complete elucidation of the function(s) of the D-loop under normal physiological conditions will help to understand such potential relationships. Its involvement in mtDNA organization, segregation and replication have been hypothesized (60, 61) . The mtDNA breakage hotspot at the D-loop 3 0 -end is not only a feature of human mtDNA. It has been repeatedly found in the homologous region of the mtDNA of transgenic mice with mitochondrial disease (48, 62, 63) . We found that all breaks reported between the CYTB gene and the control region of this transgenic mice (48) occur in hairpin elements ( Figure 3 ). As suggested by (48) , our data also indicate that the general mechanism underlying multiple deletions with site-specific breakpoints is not due to the primary sequence itself but to its secondary structure or functional location.
The association between hairpin structures and breakpoints is also clear in the WANCY cluster of tRNAs that surrounds the main O L ( Figure 4B ). Our different computational analyses demonstrated that this region stands out as having the highest folding potential of the mitochondrial genome ( Figure 6B , C, Supplementary Figures S20  and S21) , with all of the reported 5 0 -deletion breakpoints occurring in hairpin elements ( Figure 4B and Supplementary Figure S11 ). The genomic instability at the WANCY cluster is also perceptible when comparing vertebrate mitochondrial genomes: it is a hotspot of gene order rearrangements by tandem duplication and random loss of genes (64) . In fact, the breakpoints of such rearrangements observed in different phylogenetic groups are often thought to involve hairpin elements (65) .
Our large dataset revealed that deletion breakpoints are over-represented in tRNA genes ( Figure 5 and Supplementary Figure S13 ). The structural elements of tRNA molecules, which are well known for playing important biological roles, explain the high folding potential observed in the DNA regions encoding them [e.g. ÁG = À5.1 kcal/mol predicted for the tRNA-Ser(UCN) gene]. It is therefore likely that the formation of secondary structures at tRNA genes, for instance, during transcription or replication when the mtDNA is single-stranded, may contribute to the formation of the deletions, as previously suggested (34, 35) . The ability of tRNA genes to mediate genomic rearrangements is well documented in the mitochondrial and other genomes (65) (66) (67) . A notable example detected in our study is the breakpoint-prone tRNA-Leu(UUA/G) gene, which has a significantly higher number of breakpoints than its flanking genes ( Figure 5 ). Although it is located in the minor arc, it surrounds 1 of the top 10 mtDNA breakage hotspots, at position 3263 ( Figure 2) .
The non-random genomic distribution of the deletion breakpoints indicates that the root cause of mtDNA vulnerability to breakage resides either in specific characteristics of the local DNA sequence environment or in higher order features of the genomic architecture. We found that the number of deletion breakpoints in a particular mtDNA position is associated with the folding capacity of the region where it occurs. The genomic regions with more breakpoints have a significant higher folding potential than regions with a low number of breakpoints (Figures 7 and 8 ). In agreement with this observation, we detected several mtDNA breakage hotspots (e.g. mtDNA positions 16 071, 7402, 5787 or 15 435), with cases of different deletions sharing the same breakpoint at one end (Figures 1, 2, Supplementary Figures S4 and S5) . Similarly, our data shows that site-specific breakpoint Figure 8 . Deletion breakpoints are located in mtDNA regions with high folding potentials. The bar chart depicts the relationship between the mean folding potential (ÁG values) and the number of breakpoints in the midpoint position of 100-nt sliding windows covering the entire mitochondrial genome. The results of the statistical tests (Student's t-test; two-sided P-values) show that windows with more breakpoints have a higher folding potential than windows where breakpoints are rare. hotspots exist in the mitochondrial genome, as demonstrated by the significant difference of two orders of magnitude observed between the highest frequencies of breakage in real and simulated data (Supplementary Figure S7 ). There is now abundant evidence showing that non-B DNA is more prone to DNA breaks than B-DNA (39) (40) (41) (42) (43) . For example, the formation of secondary structure intermediates between DNA ends at translocation or gross deletion breakpoints is common in human inherited diseases and cancer (68) and non-B DNA-forming sequences are enriched in breakpoints of copy number variations (69) and chromosomal rearrangements (40) (41) (42) . It is possible that such extruded bases are more prone to breakage by mechanical or chemical stress. Such conformations can also be the template for the action of trans-acting factors, such as structure-specific nucleases (70) . Intriguingly, it has been shown that replication pausing in the vicinity of the highly structured WANCY tRNA cluster in a mouse model expressing a mutant mitochondrial polymerase leads to the generation of linear deleted mtDNA molecules (62) . Thus the secondary structures have the capacity in vivo to induce breaks in mtDNA that, if rejoined incorrectly, would lead to the mtDNA deletions.
The breaking of the DNA is only one of the many factors that shape the distribution of mtDNA deletions. There are several constraints to the formation of circular deleted mtDNA molecules and their subsequent proliferation in cells that might explain why genomic regions with very high folding potentials (and thus mutational prone) are devoid of detectable breakpoints. It is likely that many breakage sites in mtDNA are not detected just because they are not involved in the formation of circular deleted mtDNA molecules with an efficient replication capacity. Although other constraints might act on mtDNA deletions, the presence of homology at breakpoints and the removal of replication origins are believed to significantly influence their distribution (29) (30) (31) .
The presence of homology at the edges of mtDNA deletions, including both perfect and imperfect short repeats, is a well-known feature of this type of genomic rearrangement (31, 34, 37, 71) . In particular, two 13-nt direct repeats were found associated with most human mtDNA deletions (31) . However, an important breakthrough was recently made by Guo et al. (29) by showing that deletion breakpoints coincide with distant segments of mtDNA that are capable of forming stable imperfect duplexes with each other, rather than with the presence of perfect repeats, as previously assumed. In other words, 5 0 -and 3 0 -deletion breakpoints tend to have large regions of partial or interrupted homology with, at least, 100 nt (29) , which is possibly related with the joining of the distant mtDNA regions rather than with the breakage of the DNA strand. Therefore, only those breakage sites near regions with long stretches of high or moderate sequence homology result in mtDNA deletions. This feature might explain why some putative breakpoint-rich areas are not detected in deletions. For instance, the tRNA-Pro gene (devoid of breakpoints) is located in a region that apparently does not form stable duplexes, as suggested by the white or clear 'stripes' around position 16 000 that run across the matrix of free energies made by Guo et al. (29) . It is possible that breakpoints in the tRNA-Pro gene remain undetectable just because they do not continue the process of the formation of circular deleted mtDNA molecules through duplex formation at nearby regions with sufficient homology. The development of accurate methods to directly detect breakage sites in the mtDNA will clarify this issue.
The mtDNAs that lose an origin of replication have a limited replication capacity that influences their likelihood of propagation and detection. This feature clearly influences the distribution of mtDNA deletions, which are mostly located inside the major arc (88.8% of the cases) without removing the replication origins (Figure 1) . In fact, we only identified 71 deletions (9.43% of all cases) without the O L and one deletion without the O H (0.13% of all cases), as defined by the strand-asynchronous model of mtDNA replication (15, 72) . It is probably because of their location that the rRNA and tRNA genes inside the minor arc and near O H , do not display a high number of breakpoints [the tRNA-Leu(UUA/G) gene being a noticeable exception]. Large deletions with a breakpoint in this area are likely to remove an origin of replication, ensuring that these molecules cannot be subsequently replicated and thus would be very rare within the cells. Moreover, the profile of folding energy across the rRNA genes is not different from that observed in the rest of the genome (Supplementary Figure S18) . The highest folding potential is reached at the end of the RNR1 gene, with a ÁG of À18.19 kcal/mol (L-strand sequence) below the folding capacity of the WANCY region (ÁG of À20.56 kcal/ mol, window with midpoint at position 5732). Further work is necessary to uncover all the constraints to the distribution of deletions. Nevertheless, we were able to find a clear association with non-B DNA conformations even taking into account that many breakage hotspots might remain undetectable.
Various hypotheses have been advanced in recent years to explain the formation of mtDNA deletions, each one giving a different prominence to the roles of DNA replication (57, 71) , recombination (34, 37) and repair (30) in the deletion process. Despite the intense debate, there is no compelling evidence unequivocally demonstrating which mechanism (if only one) generates deletions in the various physiological situations. The data presented here indicate that, whatever the process underlying deletions, non-B DNA conformations (intra-strand hairpins and cloverleaf-like elements) should be considered an important piece in the complex puzzle of mitochondrial genomic rearrangements. Unfortunately, our poor knowledge of the in vivo dynamics and organization of mtDNA makes it very difficult to understand exactly how such alternative DNA structures cause deletions. It was recently suggested that mtDNA deletions are most likely to occur during repair of damaged mtDNA (30) . The formation of non-B DNA might trigger this process by increase the rate of single and double-strand lesions (39) (40) (41) (42) (43) . In contrast, several models posit that mtDNA deletions are a replication-associated phenomenon (57, 71, 73) . Previous in vivo and in vitro experiments have shown that non-B DNA acts as a preferential pausing site for DNA polymerases (74, 75) , which may be an obstacle to fork progression or a target for nucleolytic attack, thus permitting DNA breakage and deletion formation (76) (77) (78) (79) . The preferential location of 5 0 -and 3 0 -breakpoints in the large arc between O H and O L suggests that a strand-asynchronous replicative process is involved in the generation of deletions. Consistent with this assumption, a linear, deleted mtDNA molecule is continuously generated in mice expressing a defective mtDNA polymerase. The polymerase displays elevated replication pausing and breakage at fragile sites just after passing O L , assuming a strand-asynchronous replication mode (62, 80) . A different mechanism suggests that the formation of a transient DNA triple helix in pyrimidine-rich sequences might guide the slipped mispairing of the replication complex, causing mtDNA rearrangements (36) . In addition, the accumulation of multiple mtDNA deletions in individuals with defects in the replicative helicase Twinkle and DNA polymerase g have been used to support the idea that deletion formation might be induced by replication stalling (57) . This process might be related to the breakpoint hotspot in the cluster of hairpins near the D-loop 3 0 -end (Figure 2A ), a putative replication fork barrier.
The formation of hypermutable non-B DNA in certain regions of the mitochondrial genome might indeed be the link between the high incidence of mtDNA deletions in individuals with defects in proteins that move, organize or replicate the mtDNA (which collectively control the mtDNA topology). The inefficient activity of the altered versions of such DNA-interacting proteins might induce considerable changes in the topology and supercoil-state of mtDNA, whose tensional stress might be released by the formation of non-B DNA and the breakage of DNA. In fact, even the normal movement of RNA and DNA polymerases through the mtDNA may generate regions of superhelical tension and other topological alterations, which may be associated with the genesis of mtDNA rearrangements (81) . More detailed biochemical and computational studies are needed to verify all of these conjectures. Although the mechanisms remains elusive, our analyses suggest that DNA structure-induced genomic instability seems to be at the heart of the mtDNA deletion process.
